


; 
(" 

.! . 

:. ~ ,-. 

U. S. DEPARTMENT OF COMMERCE 
Luther H. Hodges, Secretary 

WEATHER BUREAU 
F. W. Reichelderfer, Chief 

NATIONAL SEVERE STORMS PROJECT 

REPORT No.8 

. : . 
. . .~ - : 

Radar Observations of a Tornado 

Thunderstorm inV ertica!" Se'ction 

by 

Ralph J. Donaldson, Jr. 

Geophysics Research Directorate, Air Force Cambridge Research Laboratories 
Bedford, Mass. 

. . . . : . 

Washington, ·D. C. 
April 1962 . 

:.: '.' 



• -. l 

CONTENTS 

ABSTRACf .• -.. _. -.. -..... _ .... 

Page 

1 

1. RADAR CHARACfERISTICS .... " to . ' , . -...... : .. :2 

2. HORIZONTAL ro1O DEVELoPMENt " ' •• ~ ••. . ....... ' .... 
,. 4 . VERTICAL -EO!O DEVELOPMENT 

5. TIlE OVERHANG 
. .... . 

6. --CHIMNEY .HISTORY ..--..... 
. ...... 

STREAt'ItER~ ; ••.•.• 
. ' .. ' :--~.---=-----.:.-

CXJNES"' '-'" ~ ~-.. ----
- - .. -. . .-...... ' 

. ... 
8. ••••••• _ to ... ' ............. . _. 

9. SUMMARY .. .... ~. " ...... '. -...... -....... .;, ~ ' .. . _, " .. 

ACKNOWLEDG.MENTS .......... Ii ,, ' ......... to ' .. 20 

REFERENCES . - ' . .. ' " ........ -.............. - ...... - .. ! " ... ,' .......... .. .... to ' ........ to ' . ,'. to ...... .. 21 

, " :,' 



~ .. 

i , 

RADAR OBSERVATIONS OF A TORNADO THUNDERSTORM IN VERTICAL SECTION 

by 
........ 

" ' . .' 

RalphJ~ Donaldson, Jr. 1 

Geophysics Research Directorate -
Ai r Force Cambridg~ Research Laboratories 

ABSTRACT 

The thunderstorm that produced tornadoes near Geary, ·. Oklahoma qnMay 4, 
1961 was studied by means bf a vertically.-scanning radar equipped with a two
tone gain swi tching circuit. 'The storm _configuration was remarkably similar 
in many respects to the severe hailst.ormin England analyzed by Browning and . 
Ludlam. It had an overhang and, at times,; a wall and echo':' free vault. How.:. 

, ever ,it was not possible to confirm the existence oLa ,period ofs teady- ' 
state conditions in the. Gearysto~m, .' a~di t was further c~m:plicated' by a 
mergetwi th another storm overtaking it. .' It i:i!sb had marlY precipi tation 
· streamers falling through the ()verhang, which often had cyclonic . traj ectories. 

I. INTRODUtTlbN 

The Geary, Oklahoma tornadoes of May 4, 1961 occurred in a severe thunder
storm si tuation that was under observation by the combined ai rcraft, radar, . 

, 'and ground.:.based meteorological resources · of the National Severe Storms Pro-
'.' j eeL . In addition, Mr. Nell Ward, of the NSSP staff, and an Oklahoma State' . 
' .. Police of, ficer traveled by car to the scene of the activity and made important ' 

· observations of the tornadoes while they were in progress (Ward, 1961). The 
present study provides a history ()f the storm during its growing and active 

, phases as observed by just one of the radars,the Oklahoma City FPS-6; made 
available by the Air Defense Command, U. S. Air Force . . At this preliminary 

. stage of description, no other observations have been included wi th the eX-

.. ception of WarcP s visual reports of tornadoes and a few other reports of tor
naCIoe-s and large- hail that appear to be accurately timed and located. It 

· should be emphasized that the ~observationspresented here are incomplete with-· 
.' out 'further detailed analysis and integration wi th other-available data; ' and . ' . . 

. . •. any conclusions must be regarded as tentative at this time . 

. 1prese·nted at ,the ArnericanMeteorol~gical Socie'ty Conference ' on S~vere Sto~ms at Norman~ Oklahoma, . 
. February 13-15, 1962. 
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2. RADARCHARACTERISTICS 

The FPS-6 is a vertically scanning radar which displays echoes in a verti
cal plane and at a controlled azimuth. Its wave length is 10.7 cm., and its 
peak power is about 4 1/2 megawatts in a pulse of 2 J.Lsec. (providing a resQ
lution in range of 300 meters). The angular beam dimensions between half-
pcn ... ·er points are 3.2° horizontally and 0.85° vertically. The observations, 
conducted byU. S. Weather Bureau personnel, were made at .a scanning rate of 
20 per minute. Consecutive scans were made across the storm and several of 
its neighbors at azimuth interval~ of· 2°. Depending on the total azimuth sec
tor that was scanned, the observational cycle varied from just under . two min .. 
utes to four and one-half minutes, with occasional interruptions of six or 
seven minutes for reconnaissance of echoes over.a wider sector. . 

The receiver of the FPS-6 radar was modified by a two-torte gain-switching 
device inspired by a similar · circuit developed several yearS ago at TexasA. 
and J.L College by M. G. H. Ligda and hisassodates (1958). It was perfected 
and in~talled by William Lamkin, of Air FOl"ce Cambridge Res.earch Laboratories. 
On a1 ternE.te pulses, . the ·device swi tches the receiver gain from high . to low 

. and pack to high again. c1'hus,echoes of high reflectivity, which appear at. 
I both high and low gain, are painted on the. scope in . twice the density of the 
I low-reflectivi ty echoes which disappear at .low gain. For brevity, . the higher .. 

reflectivity echoes will be called "core" echoes. Further gain reduction 
would disclose orie or more true cores of still higher reflectivi ty, wi thin a 
region referr.ed to herein as a "core" echo. 

The two-'tone circuit was intended as a qualitative means of displaying 
echo cores simul taneously wi th the much larger boiJndarie·s of the preC1pl:
tation echo that would be observed at full gain. The value of reflectivity 
at the edge of the echo core cannot be specified accurately, since the 
t'xo-tone ci rcui t was cal ibratedonly infrequently. However, . anorder af 
magnitude estimate seems reasonable, based on a calibration taken eight days 
after these observations. Prior to 1750 CST, the core or high-reflectivity 
echo was bounded by Ze (rain-equivalent radar reflectivity factor) of . . 
103 mm. 6/ m. 3 atarange of 130 n.mi.At a fixed value of receiver gain, 
threshold Ze varies wi th the square of the range so that the boundary is . 
Ze = 10 2 tnri1. 6/m. 3 at AO n. mL After 1750 CST, the low-gain part of' the ·· 

. circuit was reduced in gain so that Ze = 104 at 73 n.rdi. ancll0 3 at 23 
,- . ,-

HORI ZONTAL ECHO DEVELOPMENT 
. . 

Radar movies in p·lanposition show the Geary tornado .storni f.irstappearirtg 
a" an. echo sometime between 1456 and 1459 CST at the southern end of a line of 
e~hoes oriented NE-SW~ . It was somewhat in advance Qfthe .1ine and aboqt 100 mi~ ' 
west of Oklahoma City . . ;; It: moved approximately toward the ENE arid latermerged . 
with storms forming part of the. line' behindi t.The first accurate tornado 

. port was Ward's observation at 1730 CST. 

TheFPS-6 
· · ~ a"1alysis 

. {ieult to· specify 
.gulfmentby other 

,' .. -
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Figures 1 and 2 show the boundaries of the core of the storm (low-gain 
echo) at 30,000-ft. and 4S,OOO-ft. m.s.l. altitude, expressed as the greatest 
extent in range (fig. 1) and azimuth (fig. 2) as a function of time. (In 
fig. 2 and subsequent figs., azimuth angles are given with respect to magnetic 
north and are 9.5 0 less than the conventional coordinates oriented wi th re
spect to geographic north.) If the storm were moving directly toward the 
radar and maintained a constant radius often miles, the two boundaries of 
figure 2 would be symITletric about the azimuth angle from which the storm was 
moving. and would cover an increasing angular spread as the storm approached 
the radar. If the range to the center of the hypothetical storm decreased 
from 100 to 60 to 20 m1- .• its angular spread would increase hom 11° to 19° 
to 52°. 
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Figure f. -Range-time tracks of core echo of 
Geary tornado storm at altitudes of 30,000 

. tt . ~nd 45,000 ft., with tracks of best 
chimney loca t ·ions. 
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Figure 2. -Azimuth-time tracks of core echo of 
Geary tornado storm at altitudes 6f 30,000 
ft. and 45,000 ft •• with tracks of best 
chimney locations. 

Mergers of the Geary storm wi th storms behind it a .re particularly evident 
at 1802-1810 CST in the '30. OOO-ft . range-time contour, but are also indicated 
by the change in slope of the lower azimuth boundary after 1800 CST. Deteri-

. 'oration of the storm near the end of the period is iridicated by the narrowing 
of all contours. and regions of growth at the periphery of the storm arer'e. 
vealedby irr~gu1ar stru~tures extending outward from the main trend of a 
boundary. mor~ evident in the 4S.000-ft. curves than in the boundary at · 

·.· .. 30.000 ft. Note. for example. the period 1700-1720. CSL .· The 45.000-ft.curves. 
' are much more irregular than the 30.000-ft.curves.reflecting greater changes 

inconvectiveactivityat .the higher altitude. Also. the 45.000-:ft. curves ' 
are almost everywhere within the limits of the 30.000-ft. curves, showing that 
the higher'tower cores almost always are located directly over an echo core at 
mid-altitude In ' the storm. However. the ·45,OOO-ft. boundaries are closer to 

I 
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. ~. 

! 
I 
I 



4 

the 30,OOO~ft. boundaries for lower azimuths and greater ranges, indicating 
an asyaunetric configuration of the towers wi th respect to the 30,000- ft. core: 
the towers tend toward a location above the southern and western sectors of 
the 30,OOO-ft. echo. 

The tracks of "chimneys" are also plotted on figures 1 and 2, but this 
feature will be discussed later. 

....::. --: .. 
. ~. VERTICAL ECHO DEVELOPMENT .. : ".:.. ' . r~. ~ 

Figure 3 shows the rise and fall 'of major tower tops.2 , DurinKthe peri~d.:" 
1521-1850 CST a total of 36 towers was identifiable, but only 14 of these ex,·: 

:. '/ 
ceeded all other tops at one time or another and are plot ted on the· diagram. ' 
After camera trouble at. 1850 CST, th~ first ~equence of pictures was taken at . 'r 

1903 CST; and no relationship could be rbund .betw:een the towers before !;lnd 
after this data gap. Also, the 4-min. cycle after 1903 CST was too long for: ! ,; 
positive identification of towers from one sequence to the next, partly be- , .. ,: 
cause of instability in the storm and partly because large azimuth changes ' 
taking place over the short range were confusing to the analyst. Jherefore, 
from 1903 ... 1938 CST only the highest towers at each observing time are plot-
ted, as lit t 1 e do t s ' . ' 

GE,ARVTORNADO 

• • • .. , 

ECHO TOPS 

lSi TORNA.DO 
OBSERVED' 

r~ 
. 3 OL-.--o...1.-....I,---t-.~--I-...-L..-...L--1_'--.L-...L..-..,L--1---L---I----I..-...L~---''---.1...---'---'-----'--'-...l-...,...L-----' 

1600 1700 
TIME (CST) 

'. Figure 3: -Deve'lopinenl; in time of echo tops of individual towers of Geary 
.angles denote tops of the high reflectivi;ty echo core. 

" , ', 2The towers observable 'in 'this stotlll ~a;'e much longer lifetime;' and larger sizes' than visu'~l 'cloud 
turrets at the top o.f a cumulonimbus. It is difficult to identify' small-scale,~ 'short-lived cloud 

. turrets 'withrada'r because ·of the poor angular resoiution :oJ the radar bea.m compared with optical 
'methods 6f measurement. In thec"se of this particular radar observatiofl • the. difficultY was cOm- ·" 

. , ' pounded by the inability to, sep.ara te echoes of maximum re flecti vi tyfrom: sl!rrol!nding . echoes of ' .moder~ , 
., . ately high 'reflect-ivity~ " 

. ~ 
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The little triangles on figure 3 denote the tops of the core, or low
gain echoes. (The lines are the highest high-gain, or low-reflectivity echo.) 
In every case the highest core echo occurred in the tower having the highest 
top at high gain. Note the diminishing spread between core top and echo top 
wi th time. During the early stage of the storm (up to the maximum in .the 
first tower at 1555 CST) this diminishing spread very likely indicates de
velopment of the storm as its core intensified, rose, and covered a larger 
area. Another contributing cause is related to the height resolution of the 
radar beam. When the first top was measured, its range from the radar was 
104 n. mi., but after 1930 CST the highest tops wer-ewi thin 20 mi . . The · radar ' 
undoubtedly overestimates the tops by at least one-half tJ:te vertical beam 
widi:h, or 0.4°, wh~ch amounts roughly to 1000 ft. for 'each 20 mi .of range. 
Depending on the structure of the echo top, the overestimation may be evert 
twice this amount. As a ,rough approximation, theindicatedcore top may give 
a more valid idea of the true echo top; thus ,the storm probably never· ex- ' 
ceeded 60,000, ft. in height and after 1640 CST spent most .of its time 'in the 

, .sO,OOO-to' 55,000-ft. range. 

Except , ~uring. the early build-up period, the vertical movements of , towers 
, were extremely complex. Som~ti~esseveral ' towers felioT: ro'se together, btit 

sometimes. a~cendingand descending motions were takih,gplace simultaneously. 
, Up to 1850 CST the , towers could be identified with ea~e be.fween 2-ihin. periods 
and usually without much difficulty between 4-min.cycles. Whenever a data 
gap of ·six or seven-minutes occurred, however, there was almost always serious 
trouble in carrying , through the identification of towers; , Even though the , 

' fine' structllreof, the towers was not visible-with the relatively low varueoE , 
Ze~t th~ coreed~qb~undary, the time between successiveobservi3.tionsof a 

', tower should be no more than 5 min: to assure , reliable identification of the 
tower·.' 

In the Geary storm there were two periods of general echo top build-up 
separated by a period of echo top descent. The severe weather also followed 
this pattern, with ,some time lag. The early echo top rise period (1521-1555 
CST) was followed first by heavy hail, ' reported up to the size of baseballs, 
that began to cover the ground at about 1545 CST, then . followed by at least 

, another occurrence of large hail and one or more funnel clouds aloft. (Even·ts 
for which there is not confidence in timing accuracy are not listed on fig. 3.) 
Echo tops descended significantly from 1630 to 1702 CST, and the best deduc- ' 

' tion that can be mad'e from the cooperative observer data indicates a complete 
,rull in severe, weather from about 1645 to 1730 CST. The rapid echo top rises 

, from 1700 to 1708 CST (culminating in more gradual ascent to anew top at ' 
. 1745 CST) Were followed by tornadoes and several reports of one-inch hail in , 
, the period 1730-1845 CST. This sequence of two periods of violent ~ehavior .' 
, and high echo tops ,with the violent weather lagging echo top rises, ,S simi-: ' _ 
,1ar to the performance of a tornado-producing hailstorm of June 1, 1956 in ., ' 

/ N.ew England (Donaldson, 1958). 
. .... .. ; ..... :.' : .. :.' .: " 

. The maximum ascent rates of the towers of the Geary storm (fig. 4) also ' 
show two pronounced periods of peak activity, one at the very beginning, and 
,several , towers ascending at rates in excess of 10 m. / sec. during 1650 to 1716 ' 
CST. The greatest ascent rate of 17.5 m. / sec. was observed between 1706 and 
1708 CST. Aft,er 1815, CST the cycling period of 'observations" was three and 

" 
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one-half to four minutes, so possibly the ascent rate of 9 m./sec. at 1830 
CST mi ght have indicated a c'onsiderably greater rate if observed over a 2-min. 
period. 

MAXIMUM ASCENT RATES IN CELLS OF GEARY TORNADO 

20 

.. 

. t .. 
----~ ..... '.":. 
. . 

• 

I. 

1·.·/\.·, i\' . - .-. . 
• 

• 
• 

• 

1600 1700 1800 
T.lME (CST) 

Figure 4. ~History of maximum observed ascent rate of echo towers. The lines join consecutive values 
in the same tower. 

On' figure 4. astraigl;lt line connects points where the same tower ex
ceeded all others in ascent rate on consecutive qbservatiohs. Upto 1600 CST 
there was virtl.lally no competition, since one tower domin.atedthestonnup. to 

·that time. After 1600 CST, however, the maximum ascent rate shifts AS times 
f rom one tbanother of 19 toWers. Five of the towers had two or more periods 
during whiGh they ascended at a rate of Sm./sec.orgreater, separated by 
periods of top desc~nt. One might, therefore. characterize the top of the 
storm after 1600 CST as very active and complex.. . . 

Nine of the . towers could be t.racked for 20 min. In fact ,t he 
fi rsttower was in view for nearly an hour. The trajectories in plan view of' 
these persistent tower tops are plotted in figUre·S. together with areas where 

. the asc'ent rate othighest echo tops or echo core tops exceeded 10 m./sec •. Of._~.:,,"_,c,'" 
special interest here is the cluster of rapid ascent' rates just west of the .... 4f~~,'~~';, 

<tornado area .. ' Two of these are in towerswhosetl'acks are I)ot shown because' 
of thei r short lifetiine. Another interesting point is the oscillation in the .. , 
track of tower. (s). Also note tower ({3) which moved in. a direction aboutAOQ 

the right of the other towers and intersected two of their trajectories 
they ha.dpassed. This tower originated 3 min.aHermerger pf 



original storm core with the core of an echo overtaking it from the west. 
Tower (P) maintained the direction of the overtaking echo ~ 

GEARY TORNADO MAY 4,1961 
TRAJECTORIES OF PERSISTENT TOWER TOPS 

o 
270 

odenotesascent rate> IOmPs 

7 

"' Figure 5. ,-Trajectories of echo tower tops persisting ,for twenty minutes or m9re. The rada,r 
isat the origin of the polar coordinates . , ' 

, 5. THE OVERHANG ' 

\' " " A severe hailstorm over southern England on July 9, 1959 was studied by ," 
At las and Ludlam (1961) using three radar wavelengths; by comparing refl'ec
tivities ,at the different wavelengths they were able to deduce hailstone 

,~zes and concentr~tions. , Using these results and. other data gat~ered dur-
Ing the day" BrownIng and Ludlam (1960, 1962) examIned the storm lngreat de
tai i 'and derived a self -consistent model of the ai r flow in and about the 
,storm. ,one of the remarkable features that ' they discovered was ' t 'he "overhang," 

" or echoat 12, 000 ft. and higher ,overriding a lower region with no echo. ' 
;They demonstrated how the, overhang region indicates the presence of ,infiowing, 
rising air beneath it. 

. .~ . . 
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The Geary storm was also notable for its overhang; this feature per
sisted throughout most of the duration of the storm. The first suggestion .. 
of an overhang appeared at 1527 CST, when some areas of less than core in
tensity appeared under a small part of the core at30,000-ft. altitude. The 
first really good overhang showed up at 1551 CST when in the southern (right 
flank) part of the storm the core extended downwards only to 19,000 ft. with 
the exception of a smaller streamer descending to 12,000 ft. However, at .'. 
this time the area under the overhang was filled wi th low-reflectivi ty' echo. 

. ,' t . _ 

o I 
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30,000 ftECHO OVERHANG 
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~ ; . . 
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I 
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ME ... R. ~e ... ...... ... . ~ . t· .. . . 

," -.,: - .- . . -:.-. . . 
. . ," ' . " 

1651 

@ 

-:"if.wc 
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/700 

11 · 
+~ 
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. ;'~'. 

WESTliNO .l 

,~Mf" lCHO ............... ( .. ... . ' " ". 

~~- .. ......... ~ 
':: : "" : . ~ 

' /831 

_ HEIGHT OF ECHO FR!:E AREA ABOVE 15,000 ft 
c::J. HEIGHT OF ECHO FREE AREA LESS THAN 

t I 
020 nout. m L .... 

Fiiure6; ~Dev.;1:pmentof ~Verhang,Or that portion of the 30,OOO-ft~ 
. with no echo or low.r.eflectivity echo. Direction of travel is to right, and cr"sses denote.a . 

mean-velocity position at each time. The portion of the stor.m having echo at low elevations is '· · 
not shown~ The large overhang area at 1800 cst corresponds to theuns.tippled area in: the plan 

"view in figure 14', where the relation to low-level echo may be Th~smaller. ()verhang. to 
.:·:,.no.t:thwest is part, .of a s.eparate· .. storm, .about to me·rg.e. . "':< •. , . .. :.:". . 
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The first sizable echo-free region appeared under the core overhang at 1628 
CST. Up to this time the overhang might be interpreted as a tilting of the 
core toward the right flank of the storm; but from 1630 CST onward .parts of 
the overhang were higher toward the center of the storm than on its right 
flank, and there was no doubt of the existence of strong forces in the over
hang region preventing the fallout of a considerable portion of the core echo 
above it. 

Tracings of the extent of the ove~hang in plan position, synthesized 
from the RHI photographs, are reproduced in· figure 6. No distinction is made 
here between echo-free space and' space filled with low-reflectivity echo; 

. both are considered "overhung" if core echo at 30, OOOEL lies above them. 
The height of the echo-free or low reflectivity region is coded according to 
its vertical· extent above or below an altitude of 15, OOOH. The. crosses 

. give an Indication of the departure of the center of the. overhang area at . 
each time from a constant average velocity of 23 kt. ina direcdcin from 242 0 

during. the indicated time interval. (This velocity is somewhat misleading be..., 
cause the overhang in its lat.er stages is effectively slowea down by the 
merger of the original storm wi th its western partner which alsQ featured an' 
'overhang from 1730 CST onward.) .The overhang continuedJor about an hour 
beyond the last tracing of figure 6. 

The overhang was located in 'the forward and right sectors of the 30 r OOO-ft. 
core echo, and increased In relative size up to 1800 CST when it covered about· 
one"';l1alfof the total core ar.ea a't 30,OQO ft. The proportion of 30,000-ft. 
core area included in the overhanggraduaJly diminished after 1800·CST • 

-...: ..... 
o o o --

60 

45 

30 

15 

20 

GEARY TORNADO 
170.1 CST 
oz. 272

0 

. RANGE (N.M;.) 
.. 4060 80 

.Figure 7,'-Trac·ing of Geary storm echo inveitical section at 1701 CST, showing streame·rs 
·falling beneath the overhang. High-reflectivity (or core) echo is shown in 1;>1ack. 
Storm is moving to left. 
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Figure 8. -Tracing of Geary storm echo in vertical section at 1729 CST, at approxi
mately the time and lo.cation of the first tornado ol;>served by Ward. 
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Figures 7, 8. and 9 shew sectiens threugh the everhang at three In
teresting times, spaced abeut a half heur apart. Nete th e streamers ef echo. 
p en e trating the everhang, like giant mammata. Cenventienal mammata, eb- " 
served by Ward en his way eut to. meet the ternadees, are indicated en fig
ure 7 by the pretuberances belew the anvil between 20 and 33 mi. range. 
Figure 7 has anether interesting feature, the small leep ef echo. near the 
greund that seems to. jeintwo of the streamers. . 

Figure 8 shews the echo. cenfiguration at the time and place ef the first 
tornado neti'ced by Ward. . Above the tbr~ado there isala"rge space .extending up
ward, free of echo to 23,000 ft. and net filled with cere echo for a further 
2500 ft. ' Browning ~nd Ludlam noted this characteristic of their severe hail-
s tornl. They call~d it "the "echo- free vault" a~dI denote it "chimney" fo~ 
convenience and for generality to extend thede"rini ti~n tei~clt.id~ areas of 
10w-ref1ectivi~y echo. penetrating upward into the core. 

Fi gure 9 shows an echo section very near the time and place of another 
of Ward's tornado sightings. At this time the "wall", described thoroughly 
by Browning and Ludlam, is present a short distance behind the torna.do. 
(The direction of storm movement In "figures 7,8, a'ncl9 is to the ieft.) · 
He.re the chimney is a bit lower: it extends echo-free to 18,000 ft. and 

. can be traced th~oughlow.;.reJlectivitY ·eche to 22,000 ft. Themerger of · the 
main storm with its neighbor to the west is just beginning. 

6 • CH I MNEY H I STO RY 

. Three chimneys, the' latter two well formed, qccurred in the . Geary storm. 
Detailed tracks wi th time of the movement of the highest ' part of each chimney 
are plotted on figures 1 and 2 , and trajectories of the paths swept out by 
the ' total Indicated extent 6f the chimneys are sketched on figure 10. Tor
nado locations reported in detail in a private communication by Ward are also 
spotted on figure 10. All of Ward's tornadoes seem to be associated in some 
way wi th chimneys 1 and 2, " wi th the exception of two small, ' brief vortices 
observed around 1845 CST for which no assQciation could be found. 

" . . . . , . .. 

Bigl"er (1958) showed the association of a Texas tornado wi th an echo
·free hole in a thunderstorm echo, and mentioned other observations of this 

. association. These echo holes might have been unrecognized chimneys. 

It is interesting to examine how the chimneys were form~~d;" Chimney' 1 
never had a wall and lasted 17rnin. at most; it was well formed for orily 4 min . 

' .. In these two respects it was radically different in character from the other 
two chimneys. Its configuration very likely was caused by nothing more than 
an . incidental space between echoes. Hence the name "chimney", . which implies 

' anupdraft, is misleading as a designation for a space between echoes which 
b ight ha";e been a region of downward motion. 

Th~ space " called, chimney 1 occurred between the main echo and , new growth 
en its western , or rear side; . The new grewth was first visible at 1717 CST 

.. a bout 2 mi .. to the west of the Geary storm. It developed explosively: · 2 " 
ffiH). after detection it had a core frem is,oOO to 25,000 ft .. ; In another 2 

. rrn n . . the core extended upward to 36 , 000 ft. ' and was beginning to mer!,?:ewi th 
o ..,. __ , •• • ',. :~ •• __ •• • _ . d ' ", 
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CHIMNEY TRAJECTORIES IN GEARY TORNADOES 

70 .. ' . . ' 
. . ' 50 nol.Jt. mi. 

\ 
CHIMNEY# I: 1723-1740 

#2= '1729 .... 1834 
#3:1810-1927 

J ;" 

Figure .10. -Areas swept out by chimney-wall echo configurations in Geary tornado storm. The a·reas . 
include the total extent of chimneYs and their associated walls without regard to quality or hei·ght. 
The best-defirted chimney shape!!. as' in figure 9. are located roughly in the center of the dotted . 
areas .• 

the main echo. At 1727 CST, 10 m1n. after first d.etection, the new growth hact 
grown in area to about the same size as the main echo at altitudes of 20,000 
It. and l.ower, and was solidly merged at higheralti tude"s. Chimney 1 was . .... 
;Iirst judged to be "good"a.tthis time. At 1738 CST,;;ifter . a frustrating data. 

<, . gap, chimn:ey 1 was poor~ very wide, ' and definitely dissimilar Tn. shape- to any 
kind ofa smokestack. It was . mote like an inverted bowl among <the streamers. 

. . , " ~: 

Chi~eY2 first formed. in the . explosive new growth at 1729 CST, about " 
; .: . . S' mi.' west of chimi1.eyl. ' Its height was 14,000 ft. at this time and it had a 

. ·wall even at the beginning . . At 1740 CST it extended up to 20,000 ft. · and was 
judged "good" in appearance. ·.· During the next 10 mirt. , it deteriorated some .. 

: what, but .at 1751 CST it became "excellent" artdstayed in good shape through 
1820 CST. Then it deteriorated fairly rapidly> · rtteachedits maximum height 

; at 1756:30 C$T of 24,000 ft. echo-free and 26,000 ft. low-reflectivity ' echo 
-, , 'C fig. 11). At this time its lateral. extent normal ' to the s tormdirec;tion \'"as 
·.:. alsomaximum,' estimated to be 4 m1.It s average echo- free height was 15. 000 

· ft .. during; its lifetime. ' . . .. . . 
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Figure 11. -RHI echo photograph of chimney 2 at its maximum ei::ho-free height of 24.000 ft. at a ' range 
of 46 n. mi., azimuth 2880 • Height markers ,at the left .in photo are 30,000 ft. and 60,000 ft. 

, Echo' motion ,is toward left. 

(0 

Figure 12. -RHl echo photograph of chimney 3 (range 45 n. mi., azimuth '288.0 ). Echo-free height 0( .. 

' chimney is ' 21.000 ft. Height markers ' are 30 , 000 ft. and 60,000 f t. Ec ho motion is toward left.,' 
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O1imney 3 formed at 1810 CST in the overtaking echo that merged with the 
main storm , around the time that the two echoes were merging. It maintained 
the direction from the WNW of the western echo, cqtting across the path of 
chi:r.ney 2. It also had a wall from the beginning. By 1824 CST, 14 min. after 
first detection, it was judged to have an "exr:;e1lent" shape and continued that 
way for the fo1lowing SO min., then deteriorated rapidly after 1914 CST. . 
Fig.lre 12 shows the characteristic shap'e, remarkably similar to chimney 2. At 
its maximum height at 1907 CST the echo-free area extended upward to 23,000 ft. ' 
and the low-reflectivity echo penetrated furthe.r to 30_,000 ft_ The maximum 
lateral extent, also at and just before i907 CST, was estimated ·to be 7 mi . 
The average echo- free height · throughout the existence of chimney 3 was- 17.000 
ft. 

During the deteri~ration phase, the chimneys (and their~ttend_ant walls) 
slowed down arid slid. off to the left; toward the center of the storm. Figure 
1 shows that chimney 2 even reversed direction a bit, moving away from the 
radar after 1830 cst~ - This behavior is surprisingly . similar to the tracks of 
tornadoes in the Fargo, North Dakota s~ojm that. Fujita (1959) plotted. It 
may be that as the chimney circulation and any attendant ·tornadoes deteriorate. 
they 'lose contact with thernid- troposphere -and com~under the dominant in .. ' . 

. fluence of the low-level inflow, which in this case as well as in the Fargo .. _ 
; 
I storm was from the south to southwest. . 
i 

Browning and Ludlam found the predominant tower to be located above the 
wa1l or within 1~ mi.' bel:tind i 1;. In the Geary storm ; . tower (q) remained the 
maximum during the best part of t he Ii fetime of chimney 1. and vias located 
within 2 mi. of the chimney, though sometimes ahead of it. During the well 

. established period of chimney 2, the maximum top was almost always tower (u) 
until later in the period wheri tower (a), an outgrOwth of (u), shared the ' 
maximum position. Tower (u) started near the wall of chimney 2 but moved 

' slower and fell four miles behind the wall before it disappeared in complete 
capitulation to tower (a). While it was prominent ; tower (a) v::rried from 0 to 
30i. behind the wall, thoughi t first appeared 2 mi. ahead of the wall. The
tower associated wi th - chimney 3 Was (f3). and it fr.equently was located di
rectly over the wall and always within 1~ mi . ahead of or behind it up to ... ' 
1850 CST, after which tirne tower continuity ~as lost . . DUring the life of 
tower ( f3)ltwas the highest one orlly about half the time. Thus, the tower . 
acti v ityduring the Hwall" phases .... tended to follow the general pattern- of the_ 

'. Bro\l,:ning and Ludlam model, but was not nearly sosteacly-state 

:7: '. STREAMERS 
. .' . . 

~other :or the interesting f:atures in the overhang area ~~re - streamers 
. which ' fell int:o the otherwise echo"' free region and sometimes hit the ground. 
Early in the echo .lIfe-time th~. streamers, falling from the-right forward sec

.' tor, tilted slightly back toward the center of the storm as they felL from . 
" . 30 , QOOfL As time went on the level from which the streamer trails departed 

vertical fell to about . 20, 000 ft., $.I1dthey tilted more .sharply. - ; '". " . - . " . .. _, . -. ': .. .- , 

a . streame·r near the 
mLto the west (toward 
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Figure 13. -RHI echo photographs at 1700:30 CST, taken at 20 azimuth int~rvals, showing the nature of 
the overhang and the streamers falling below itin the period prior to the development of a chimney 

.and wall. Height markers are at 30,000 ft., 40,000 .ft., and 60,000 ft. Storm is moving toward the 
·left (generally towards east) •. Figure 13a, azimuth 2680, is a vertical slice across the southern, 
or right flank: subsequent pictures penetrate northward. into the center of .the storm. Tips of 
str.eamer trails, which originate on the right flank, at first fall northward toward the center 
(figs. 13a. and 13b) and eventually. spiral westward toward the rear of the storm at lower al ti tudes 
(figs. 13c and 13d). Figure 13c. from whichthe~tracing of figure'7was taken shows the typically 
greater bendin·g to the rear in the fQrward streamer compared with the streamers. located toward the 
rear of. the storm. '. 
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"right flank) in falling from 15,000 to 8000 ft. Another streamer farther to 
the east bent one mile to the west as it fell from 15,000 to 6000 ft., and 
the easternmost or farthest forward streamer bent 1~ mi. to the west as it 
fell the same distance. 

In another example, illustrated in figure 13, the streamer on the east 
(or forward) side tilted 2 mi. .to the west from -15,000 ft. to 6000 ft. while 
the large streamer near the center tilted only about ~ m1. to the west from 
15,000 ft. down to 8000 ft.- . : . 

The streamer trails appeared to be roughly parabolic, with no appre
ciable discontinuity in slope or in intensity on the way down to indicate a 
bright band at. the mel ting leveL . It thus seems likely that they were com ... 
posed of sma11 hail and graupel , _but not snow, above the ·0° C isotherm. 
Variations in the slope of the streamer trails would seem to be related 
closely to variations in the inflow veloei ty under the overhang, since the 
range of trail slopes in the. high-reflectivi ty streamers greatly exceeds the 
probable range of particle fall veloci ties where the particles have Ze well 
above 10 3 mm?/m~. In fact; the _trails slope greatest during the _most act 
stage of the storm when the production of precipi tation. is likely to be ex
cessive and reduce the chance of the reduction of fa11 speedsbyevap6rat 
When chimney 2 was at its peak, at 1756:30 CST, the ESE or forward edge of 
large easternmost streamer bent 5 mL to the WNW in falling from 15,000 to 
5000 ft. (f i g. 11). , _ . -

As the storm approached t .he radar and the azimuth resolution increased, _ 
streamer trails could -be observed bending normal to the radar beam as well 
as along it. ' Fo-r example, in -falling from 24,000 ft. to 4000 ft .'-, the bot
tom tip of a streamer at 1903 CST apparently bent 3 mi. toward the northeast 
dO\vTI to 14,000 ft. and then another 3 mi. toward the north-during the lower 

. hal f of its fall. The storm \vas moving toward ESE. This cyclonic :corkscrew 
motion was apparent to some degree in flearly all trails that. could be .ob
served at three or more azimuth angles . 

. Schematic views of the high-ref lectivi ty part ' of . the Geary s~otm at 
CST are given in figure 14. .In plan view, the tips of two streamers are ". 
shown curving in towards . the chimney-wan loc:ation as they . fall under the 
overhang (unshaded area of 30, OOO-ft. echo). The forward streamer tip shows 
the · gr-eatest cyclonic curve · to the rear as well as the greatest tilt in the 
lo\ver altitudes . . 

' At near ranges, the.outflowfrorrt t-he wall echo was app;re~t byvari
ations in vertical slope of its leading edge and its right or .southern·flank. 
At 1903 CST the wan echo extended near · the ground about one mile forward 'and 
very roughly 3 mLto the right of its posi tiori at 17,000 ft. ". As Ward was , 
returning to Oklahoma Ci ty following his. tornado observatibns;.he acciden
tally traversed the 'wallechoof chimney 3, fortunately somewhat to the rear' 
of the forward edge. " He encountered heavy rain and small hailwithwester1y-~: ' 

. winds estimated at 60 kt.This was ' undoubtedly a 'part of the outflow freen 
the \va11 echo. . 

. "..:.) 
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Figure 14. -Schematic views of high-reflectivi ty echo in Geary tornado storm at 1800 CST. Top view 
shows contours at two "altitudes. Arrow indicates storm motion." Note the "tornado hook" in the 
3000 ft." contour (dotted)to;"'ard the right rear." hehind the wall: it is poody defined here"be
cause of the wide azimuthal beam pattern and the smoothing by interpolation of points separated 
20 in azimuth. But there is no doubt that the tornado"hook which is defined well onPP! is 
simply t he wall echo "at low altitude. The chimney is denoted by the hatched area; it is wedge
shaped in plan" view and narrows toward the storm ce"nter. The overhang is the clear unstippleo. 
part of the 30,000-ft. echo. The traj"ectories of two streamer tips are noted, showing cyclonic 
spiral shape as they fall into the chimney-wall area. (The numbers on the streamers are the 
heights of the tip in thousands of feet.) Front and side views show towers (u) and (a.). and"" 
streamers falling beneath the overhang. 

8. CONES 

During the study of the streamers, an occasional "cone" or apparently 
vertical and symmetric streamer was "noted just ahead of the wall and almost 
counterpoised below the chimney. An excellent ~xample has been depicted in 
figure 15. Apparent continuity was found" for five cone trajectories. These 

"are plotted in figure 16, with a thicker track signifying a higher quality of 
" appearance. 

The cone echoes have the general appearance of a funnel; though they are 
much more stubby and have a much larger apex angle t han the usual tornado. 
They are more similar in size and shape to the region of depressed cloud base. 
.often observed above tornadoes. The cones typically extend down from the 
overhang toaltittides between 5000 and 12,000 f.t. On rare occasions there is: 
a very thin vertical proj ection below, and once a. thin "stalagmi tetT was ob
servedprojecting upward from the ground toward the cone base above it. 
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. Figure 15.(.a to d): -RHI echo photo,graphs at 1808 CST, taken, at 1° azimuth intervals, showing detail ' 
of chimney and wall. Range markers are at intervals of 10 n. mi. Height markers visible on' all .... 
photO'graphs are at 30,000 ft. arid 60,000 ' ft. 'Echo moves to left. Tower (u) reaches an al ti tude '" 
of 58 , 000 ft. on figure 15d at 2920', 'range '46 n . nii. Figure ISb shows an intense part aftl1e wall ., 
echo near the ground appearing to' the right and forward of the center of mass of the major part c>f . " 
the wall ' phatographed subs.equently in figures 15,c and 15d; this may be ari indicatian of law- . " 
altitude outflow spreading aut toward the right and front of the storm from the intense precipi
ta,tion area denoted by the wall echo. Note also the marke'd tilt af the chimney toward the rear in 
figur.e 15c. The inclinatian is actually 250 away from vertical, thaugh on the distorted sc'ope pre-

it appears J!!ore nearly . vertical because the harizc>ntal. scale is .stretched by a factor 
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Figure 15. (e) -An explanatory tracing of figure 15c (photograph at 2900
) showing location, of wall 'at 

the rear of the overhang, chimney jUst ahead of the wall. and streamers and cone descending beneath 
the overhang. 

50 30. 

WARD'S OBSERVATIONS 

4: Vformed I NW, 1730 CST 
V 3ENE.1745 

5 : V 3NW. 1805 
• 6 :, V formed 5 ENE, 1820 ' 

7 :V I 112 N,I830 
8 : 2 brief Y'sto N. 1845 
9 : R H. smollhoil, 1900 

Figure 16. '-Trajectories of cones. ,Thickened track indicates high-quality appearance of' cone. Cones 
during 1725-1756. 1805~1811. and 1817-1827 CST were associated with chimney 2. During 1831-1850 
and 1907-1919 ,CST the cones were associated with chimney 3. Numbers 4 through 9 locate Ward's 
observat'ion points. 
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The cones are associated fairly well in time and space with the observed 
tornadoes,though it is clear that these observations do not establish cone 
echoes as reliable tornado indicators. Referring to figure 16, Ward's obser
vations at position 4 correlate qui te well wi th the earliest cone traj ectory. 
although there is a distance discrepancy. At position 5 the distance error 
is not large ' but the direction to the cone is toward t he north, instead of 
northwest to the tornado as Ward observed. Position 6 checks almost exactly. 
Positions 7 and 8, however, - do not . indicate any close relation between tor -

. nadoes and cones. . . . . 
' . -

9 SUMMARY 

The most important finding in this study is the striking similarity in . 
' echo features of the Geary, . Oklahoma storm to the characteristics of a severe 
hailstorm in England discovered by Browning and Ludlam. and incorporated in ' 
their convection model. The differences are mainly in detail. ··.The principal 
features common to both storms a~e: (1) the overhang, (2) wall •. and (3) echo
free vault (or chimney) which, according to the Browning-Ludlam model, signify, 
respectively: .. (I) ' an 'area of ascending inflow, (2) a region of heavy precipi
tation and descending air wi th strong outflow, and (3) the location of the 

j most intense portion of the updraft at the base of the overhang. Another 
i feature common to both storms was the occurrence of .the maximum tower tops di

rectly above the wall or within a very few miles of this line . However, the 
Geary storm was more complex and Less steady than t he Browning-Ludlam model 
and suffered a merger with an overtaking storm. Also, no conclusive informa
tion · was gained on the degree of updraft til t in the Geary storm. Finally, 
the Geary storm produced frequent str'eamers which descended in cyclonic spiral 
motion through the base of the overhang region. 

The observed tornadoes were associated in a general Wgy with one of the ', 
two well-formed chimney and wall configurations, occurring in a zone of maxi
mum shear (in accordance with the Browning-Ludlam model) between ascending 
inflow and' outflow fran the descending air in the wall echo . .... This is con
sistent wi th the impression gained by Ward (1961) who stated that. "tornadoes 

. formed along the shear line between the southerly surface winds and the , . 
. . northerly outflow of rain-cooled air, underneath a convective cell'.'. 
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